Since the first complete sequencing of a free-living organism, Haemophilus influenzae, genomics has been used to probe both the biology of bacterial pathogens and their evolution. Single-genome approaches provided information on the repertoire of virulence determinants and host-interaction factors, and, along with comparative analyses, allowed the proposal of hypotheses to explain the evolution of many of these traits. These analyses suggested many bacterial pathogens to be of relatively recent origin and identified genome degradation as a key aspect of host adaptation. The advent of very-high-throughput sequencing has allowed for detailed phylogenetic analysis of many important pathogens, revealing patterns of global and local spread, and recent evolution in response to pressure from therapeutics and the human immune system. Such analyses have shown that bacteria can evolve and transmit very rapidly, with emerging clones showing adaptation and global spread over years or decades. The resolution achieved with whole-genome sequencing has shown considerable benefits in clinical microbiology, enabling accurate outbreak tracking within hospitals and across continents. Continued large-scale sequencing promises many further insights into genetic determinants of drug resistance, virulence and transmission in bacterial pathogens.
Introduction
Formal characterization of disease-causing agents has always been fundamental to understanding the evolution of that pathogen and the epidemiology of infectious disease. The ability to identify similarities and differences in character among pathogen isolates enables their separation into groups or 'types'. Linking this information with temporal, spatial and clinical data can bring understanding of evolution, geographical spread and disease associations for the pathogen, providing vital information for identifying sources of infection and for designing interventions to prevent and treat disease.
For bacterial pathogens, the array of methods for 'typing' isolates is vast and includes techniques for detecting differences in biochemical activity, protein production, toxin production, susceptibility to bacteriophage infection, susceptibility to the action of antibiotics and reactivity with antigen-specific sera. These methods have proved to be very valuable, leading to the establishment of globally accepted typing schemes as the standard to characterize the members of specific bacterial species. However, there are several drawbacks: (i) there is little interoperability of typing schemes between species, making it difficult to compare the behaviour of different pathogens; (ii) the expression of the detected characteristic by an individual isolate can vary, potentially leading to false-negative results; (iii) interpretation of the assay result can be highly subjective (most notably for serological tests), potentially leading to false-positive and false-negative results, and variation between testing institutions; (iv) the genes encoding the detected characteristic can be gained or lost through horizontal gene transfer, potentially giving a false impression of relatedness between isolates.
To capture the true ancestral relationships between isolates, one needs to study variation in the heritable material, DNA. Progress in DNA sequencing has brought a steady accumulation of bacterial gene sequence information that has allowed the development of typing schemes that exploit variation in these sequences [1] . Some schemes focus on single genes or loci with sufficient variation to provide distinguishing data but are often susceptible to misleading designations due to horizontal gene transfer and strong selective pressures that can lead to anomalies in the patterns of sequence variation. A more robust approach is that of multilocus sequence typing (MLST), which aims to capture the sequence variation at multiple loci (usually six to eight) distributed around the chromosome [2] . The loci selected for MLST encode housekeeping functions, so are not likely to be under strong selective pressure and should vary in a clock-like manner, thus giving a good signal of ancestral relationships. The unifying nature of DNA means that MLST analysis findings can be compared between species and recombination of loci between strains within a species can be detected. MLST has allowed the unambiguous identification of clones within pathogen species that have particular associations with disease, enabling robust systems for the tracking of the spread of such clones, but limits of resolution mean that differentiating between members of a clone is often not possible, and the exact details of transmission paths therefore remain obscure.
Whole-genome sequence (WGS) data can provide a complete picture of gene repertoire and sequence variation. The first whole bacterial genome sequences largely comprised single representatives of major pathogen species and were generated using first generation sequencing technologies, essentially based on the methods developed by Fred Sanger and colleagues in the 1970s [3] [4] [5] [6] . Comparison of these reference pathogen genomes with those from closely related pathogenic and non-pathogenic species brought dramatic advances in understanding of pathogen evolution and host adaptation. The second generation of sequencing technologies, which emerged around 2008, delivers much more data at lower costs [7] . Accordingly, they have increased the availability of WGS data and allowed the sequencing of hundreds or thousands of isolates from distinct populations of bacteria. These data produce fine resolution of gene and sequence variation, empowering the study of evolutionary mechanisms, phylogenies and transmission events, and have created a further wave of discovery in our understanding of pathogen biology. The emerging third generation of sequencing technologies promises further advances with the potential for real-time tracking of outbreaks and the ability to capture epigenetic changes that may affect pathogen behaviour.
The purpose of this review is to highlight the areas where genomic analyses have provided new insights and to demonstrate their potential for unravelling the origin, transmission and evolution of bacterial pathogens.
Host adaptation and evolution of pathogenesis
In the early days of expensive, highly polished, single genomes, information about evolutionary pathways and pathogenicity had to be gleaned from effectively few observations and sparse comparisons across large evolutionary distances. Nonetheless, big themes did emerge from these analyses. Genome sequences of bacteria allowed the complete cataloguing of host-interaction and pathogenicity genes within individual pathogens, often identifying unknown systems and generating hypotheses for experimental analysis. Bacterial genetics had already identified multiple mechanisms of horizontal transfer of DNA between bacteria, and mobile elements such as bacteriophage, plasmids and pathogenicity islands were known to carry genes involved in pathogenicity and drug resistance and transmit them between bacteria. Such mobile elements could be identified within genomes from signatures such as anomalous nucleotide composition and the presence of signature mobility genes, showing that many genomes had significant amounts of DNA of apparently horizontal origin, but of unknown age [8] . The first pairwise comparisons within species, for example the comparison between the laboratory strain Escherichia coli K12, and the pathogenic E. coli O157 : H7 [9] , revealed that a very large number of genes (26% in this case) could be unique in the pathogen compared with the non-pathogen. Increasing numbers of within-species comparisons built up to perhaps the most surprising early observation from comparative analysis: the incredible diversity found within individual bacterial species in terms of gene presence/absence, with individual isolates containing very large numbers of unique genes, and an increasingly small number of genes present in all members of any one species. This was formalized into the concept of the pangenome: that bacterial species have core genes found in every member, and accessory genes found in a subset of strains that code for strain-specific adaptations, often pathogenicity-related, with the pan-genome representing all of the genes present in the species [10, 11] . Against this diversity, some pathogens are clearly monomorphic, with little, if any, mobile DNA, and very little nucleotide diversity. These monomorphic lineages include key human pathogens such as Yersinia pestis ( plague) [12] , Bordetella pertussis (whooping cough) [13] and Salmonella typhi (typhoid fever) [14] . Analysis of the genomes of such pathogens identified a set of common (and surprising) features. Prior to the advent of genomics, it was a frequent assumption that bacterial genomes would be streamlined, carrying little, if any, non-functional DNA. However, many of these monomorphic pathogens challenged this assumption in two ways. First, they often had large expansions of repetitive, selfish DNA in the form of insertion sequences. Second, they often had large numbers of pseudogenes-genes inactivated by point mutation or disruption. Even more curiously, these pseudogenes were frequently inactivated genes previously involved in pathogenicity or host interactions, despite these being virulent pathogens. Another factor common to many of these pathogens helped explain these phenomena-many of these pathogens were host-restricted descendants of previously broad-host-range ancestors. This suggested a common evolutionary pathway. These organisms had invaded a new niche, in the case of S. typhi and Y. pestis, moving from gastrointestinal to systemic disease, and this was often enabled by the acquisition of novel pathogenicity genes on mobile elements (on plasmids for Y. pestis, and on chromosomal mobile elements for S. typhi) [12, 14] . This was accompanied by loss of genes required for the previous niche, but also of genes that were disadvantageous in the new niche. Not all of the gene loss could be ascribed to selected changes, however, and it was hypothesized that many were due to accelerated mutation fixation due to the evolutionary bottleneck associated with niche change, a process that would also explain the expansion of selfish mobile rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150488 elements in the chromosome. Bordetella pertussis manifested an extreme example of this, where the niche change, host restriction and increase in virulence appeared to have occurred purely by genome degradation, without any acquisition of novel genes [13, 15] .
A similar pathway was evident in some animal pathogens (such as Burkholderia mallei, which causes glanders in horses [16] ) and plant pathogens (for example Xanthomonas oryzae, a pathogen of rice [17] ). One common factor linking all of these different evolutionary transitions is the Neolithic revolution, in which the human population increased in size, and human settlements became denser and more permanent, creating a new niche for human pathogens. At the same time, humans created large monocultures of crop plants and farm animals, creating similar novel niches for these pathogens [18] .
The ability to sequence single genomes provided a wealth of information on pathogenicity and its evolution over long time scales. However, the expense and difficulty of generating genomes with clone-based, Sanger-sequencing technology limited the ability to look at the fine-scale changes that would inform on recent evolution and spread. The only real attempt to do this with older technology formed part of the investigation into the anthrax attacks in America in 2001 [19] , where nearly a dozen genomes were generated at significant expense to help identify the source of the strain used.
Advances in sequencing technologies open up new areas of analysis
The large-scale sequencing required to investigate fine-scale evolution and transmission in bacterial pathogens required a move away from clone-based sequencing to the highly parallel, clone-free approaches currently in use. Over the five or so years of this transition, costs for sequencing bacterial genomes dropped from tens of thousands of pounds to tens of pounds, and the time taken from months to days, or hours. This drop in costs enables large collections of near-identical strains to be sequenced, giving the potential for very-highresolution identification of the recent ancestral relationships between isolates and, by linking this with epidemiological data, the true patterns of spread. The first datasets generated using these approaches for the first time allowed sequencing of isolates sampled from across the majority of the age of a bacterial lineage, and this revealed a very surprising finding. The substitution rate (the rate of fixation of mutations in the population) was at least a hundredfold higher than previous estimates which had been used to date recent clonal pathogens. Most of this dating was based on an estimate of the neutral mutation rate since the divergence of E. coli and Salmonella typhimurium, of around 6 -8 Â 10 29 per site per year [20, 21] . The first estimate based on large-scale sequencing of isolates within a recent clone, Staphylococcus aureus ST239 [22] , produced an estimate of 3.3 Â 10 26 per site per year. Similar rates have been identified in Streptococcus pneumoniae [23] , Vibrio cholerae [24] , E. coli [25] and others. The consequences of this are profound. It means that, contrary to expectation, bacteria constitute a measurably evolving population, and that phylogenetic analysis tools developed to analyse the populations of rapidly evolving viruses can be used to analyse bacteria, allowing detailed descriptions of geographical and temporal transitions on global and local scales, and giving sufficient resolution, in many cases, to track pathogen transmission events between individual patients in a hospital. Often the conclusions confirm speculation from lower-resolution typing techniques, but with greater clarity and with the potential to reveal and explain deeper epidemiological patterns and precise transmission events.
Global spread of bacterial pathogens
Bacterial pathogens can be broadly categorized based on the nature of their host association, ranging from environmental organisms that occasionally and accidentally infect, through common commensal colonizers that infect sporadically, to obligate pathogens that do not exist outside of the host. In all cases, and to varying degrees, the global spread of pathogenic clones is observed; genome analysis has the capacity to clarify the patterns of spread and highlight characteristics that may influence spreading potential. Cholera outbreaks have long been a scourge of mankind, with some archeological suggestions of cholera-like illness in the plains of the Ganges River since ancient times [26] . Cholera disease outside of the Bay of Bengal is typically characterized by intermittent and unpredictable outbreaks followed by regional decline. The epidemic dynamics remain poorly understood, but population genomic studies have brought significant new understanding of the evolution and long-range spread of the causative agent, V. cholerae. Historically, cholera is described as occurring in seven global pandemics, with the first starting in southeast Asia in 1817 and the current pandemic having started in Indonesia in 1961. Genomic analysis showed that the El Tor lineage responsible for the seventh pandemic had independently emerged from environmental V. cholerae, separate from the Classical lineage responsible for the first six [27] . Deeper analysis of 154 isolates collected across the temporal and geographical breadth of the seventh pandemic allowed construction of a robust phylogeny of the El Tor lineage by identifying single-nucleotide variations which define the ancestral relationship between isolates [24] . Combining the phylogeny with the time and place of isolation for each isolate showed that the seventh pandemic clone had emerged in the region of the Bay of Bengal and spread from there to the rest of the world. Furthermore, it was shown that the seventh pandemic actually comprised at least three separate waves, with second and third waves derived through ongoing evolution of the V. cholerae population within the Bay of Bengal region, with acquisition of mobile genetic elements playing a key role.
The detailed phylogeographic structure of these data can greatly inform understanding of contemporary outbreaks. For example, the devastating cholera outbreak that began in Haiti in 2010 was highly controversial, with conflicting hypotheses regarding the source of the epidemic. Suggestions for the source included expansion of local Haitian strains, import from the Mexican Gulf during the recent earthquake and import from more distant countries by human carriage. WGS analysis of isolates from the outbreak, alongside WGS data for isolates from around the globe, was able to show clear results consistent with Nepal as the origin of the Haitian outbreak [28, 29] . Haiti had not had a cholera outbreak in over 100 years, and these findings highlight how local microbiology can be dramatically changed and how infectious agents can be transmitted globally through international rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150488
has shown how this introduced strain has evolved locally after being introduced [30 -32] .
Most of the evolution for the species V. cholerae occurs in its aquatic environmental niche from where it can be isolated in all parts of the world. There is therefore a near ubiquitous source for cholera infection, should the appropriate conditions occur, but the majority of outbreaks are due to a succession of clones which have evolved around the Bay of Bengal. Pseudomonas aeruginosa is a common opportunistic pathogen of humans that also has a primarily environmental niche which shapes the species's evolution [33, 34] . The major disease burden of P. aeruginosa is in morbidity and mortality of lung infections in cystic fibrosis (CF) sufferers. WGS analysis has been applied to study the relationships between isolates from infections and environmental samples [35] . The study based in Ontario, Canada, showed that the breadth of genetic diversity of isolates collected from CF sufferers is broadly equivalent to that seen from environmental sampling, confirming the environment as a major source of infection, but also showed that within the broad diversity, there was an expansion of two highly prevalent 'epidemic' clones in the disease-associated population. Isolates in one of the identified epidemic clones were almost identical to an isolate representative of the Liverpool epidemic strain which is frequently isolated from CF lung infections in the United Kingdom, giving strong evidence of intercontinental transmission, most likely via contacts between individuals within the CF community. This suggests the emergence of clones specifically adapted to the CF lung environment, a phenomenon that has also been identified for two other CF-associated pathogens, Burkholderia cenocepacia [36] and Mycobacterium abscessus [37] , using pre-genomic and genomic approaches, respectively.
Some major bacterial pathogen species can be considered as globally endemic with regional variation in disease rates correlated with such parameters as nutrition and economic status. These include so-called commensal respiratory pathogens, such as S. pneumoniae, Neisseria meningitidis and Haemophilus influenzae, that are niche-restricted to the human upper respiratory surfaces and are thus in constant balancing evolution with the human immune system. This balance may be maintained through frequent transmission between hosts and frequent variation in surface antigens, largely through horizontal gene exchange. With multiple lineages coexisting, these populations are locally dynamic, but there is also a tendency for emergence of pandemic clones that appear to have an advantage in colonization and transmission, and are seen to spread globally [38] . However, the epidemiological study of these populations can be confounded by their high rates of homologous recombination.
The S. pneumoniae clone known as PMEN1 was the first recognized pandemic pneumococcal lineage. It was seen to emerge in Spain in the 1980s as a multidrug-resistant serotype 23F, was subsequently identified in Africa, Asia and America, and, by the late 1990s, was estimated to be causing almost 40% of penicillin-resistant pneumococcal disease in the USA [39] . WGS analysis of 240 PMEN1 isolates collected from 22 countries and four continents over the period 1984-2008 revealed a detailed phylogeny supporting a European origin for the clone, with further sub-clones developing within that continent [23] . Other sub-clones rooted within the European clones indicate multiple discrete, successful intercontinental transmission events indicated by tight clusters associated with South Africa, Vietnam, USA, and Central and South America. Most strikingly, the PMEN1 phylogeny indicates the emergence of a sub-clone that appears to have spread more rapidly between continents and thus seems to have an enhanced ability to spread, as compared with the PMEN1 clone as a whole. The genetic basis of this enhanced spreading capacity is unclear but emerging datasets for different clones of varying spreading capacity should provide the data to allow discovery of such genetic associations [40] [41] [42] .
WGS analysis of other pneumococcal clones has highlighted differing characteristics and identified possible genetic explanations for differing patterns of spread. Clone PMEN2 emerged from a beta-lactam susceptible clone, which gave rise to two resistant clones through independent acquisition events-one clone, PMEN22, was never observed to have spread beyond Europe while the other, PMEN2, expanded in Europe and spawned multiple intercontinental transmissions, including one to North America which went on to transmit to southeast Asia and the Middle East [41] . PMEN2 transmitted to Iceland, where it rose to high prevalence and dominated drug-resistant infections. Phylogenomic analysis showed that the clone had been introduced to Iceland in two separate events, but that only one prevailed and expanded. Interestingly, the analysis showed that, while establishing in Iceland, the clone had acquired a mutation that prevented further recombination. This would have reduced the ability of the clone to diversify and may have been a significant factor in its subsequent rapid decline.
Staphylococcus aureus is another bacterial pathogen frequently seen as a colonizer of healthy humans, most commonly in the nares and on the skin. Many of the globally spreading clones are those that appear to have adapted to colonization in hospital settings, where they cause major problems through infections associated with surgery, invasive lines and wounds in immunosuppressed individuals. As was seen for the pneumococcal clone PMEN1, the first globally dominant clone of hospital-associated S. aureus (ST239) was seen to emerge in southwestern Europe and spread globally through multiple international transmissions [22] . Phylogenomic analysis, linked with epidemiological data, indicated that the clone had been transmitted from the Iberian Peninsula to South America in the early 1990s. In the following years, the clone declined in prevalence in Portugal but was seen to re-emerge in the late 1990s. The genomic data showed that this re-emergence was likely to have been due to transmission of the clone back from South America to Europe. The resolution of the ST239 phylogeny was also able to identify distinct recent transmissions from southeast Asia to Europe (one to Denmark and another to the UK). Similar analysis of the S. aureus ST22 clone, which had emerged in the UK in the early 1990s and is currently spreading globally, was able to show that this hospital-associated clone had emerged from a community-associated ancestor [43] , and that this emergence was apparently not due to methicillin resistance, but may have been associated with resistance to fluoroquinolones. Genomic analyses also implicated hospital adaptation in the emergence of other epidemic clones of methicillin-resistant S. aureus (MRSA) such as CC30 [44] , and delineated transmission between animal and human hosts in the livestock-associated CC398 [45] .
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Many bacterial pathogens where significant global spread is detected tend to move through human-to-human transmission and this appears to happen sufficiently frequently that successions mask earlier clones. For Mycobacterium tuberculosis, the evolutionary landscape is somewhat distinct from this, with apparently slower rates of evolution probably due to low rates of replication. Pre-genomic typing techniques distinguished a handful of M. tuberculosis clones and demonstrated a close relationship with an animal-associated species (Mycobacterium bovis). Early dogma therefore suggested that human tuberculosis was a disease that had been acquired zoonotically, probably as a result of domestication. However, patterns of large chromosomal deletions, many determined from WGSs, have been used in phylogenetic reconstructions to provide strong evidence that M. bovis actually emerged from a M. tuberculosis-like ancestor [46] , so the transmission is more likely to have been from human to animal. Subsequent genomic analyses have been able to add a temporal perspective, leading to the proposal that M. tuberculosis first infected humans in Africa around 70 000 years ago and spread globally with the migration of humans out of Africa [47] . The study was based on similarities in phylogenetic tree topology between the branching structure and geographical distribution of a genomic tree constructed for a global collection of 220 M. tuberculosis isolates, and that of a tree of human lineages constructed from nearly 5000 mitochondrial DNA sequences. A Bayesian statistical method was applied to test whether the branching points of the M. tuberculosis phylogeny correlated with major points in the history of modern humans, identifying similarities in the spread of TB and humans into Asia and Europe. However, convincing as this scenario is, it is contradicted by more recent evidence using ancient DNA samples from South America to date the most recent common ancestor of the M. tuberculosis complex to less than 6000 years ago, meaning that TB cannot have spread as proposed, and that the first introduction into the New World may have been via marine mammals, and not human migrations [48] .
Using genomics to study local transmissions and outbreaks
Outbreaks of specific pathogens can occur either through single sources (e.g. food-borne outbreaks) or through increased transmission of a single infective agent. This is most often observed on a local level within a defined community, geographical area or season, but may extend to larger areas, and even globally. The study of infectious disease outbreaks can be greatly enhanced by WGS analysis of relevant pathogen isolates, potentially providing a strong indication of the primary source of infection and, where coupled with sufficient epidemiological information, indicating the routes of onward transmission. The three parameters most crucial to this work are the high-resolution genotype provided by WGS data, the time of isolation of the pathogen sample and the location of the individual from whom the sample was derived. Outbreaks that have been studied thus far using WGS analysis can be grouped into three categories of infection route: food-borne transmission, healthcareassociated acquisition and environmental transmission. Food-borne outbreaks tend to focus on identification of the causal infectious agent followed by a search for the source of that agent within food production and supply pipelines. During May and June of 2011 in Germany, an outbreak of more than 3000 cases of infection by Shigatoxin-producing E. coli O104 : H4 was reported [49] . This outbreak was notable and unusual in the numbers of infections and the severity of disease; around 25% of infections involved hemolytic ¼ uremic syndrome, while rates of only 1-15% had been seen in previous outbreaks involving Shiga-toxinproducing E. coli. Also notable was the rapid availability of WGS data driven by public release of second-and third-generation sequencing technology data and a major 'crowd-sourced' analysis endeavour involving an international cohort of bioinformatics experts [50] . Although the analysis could not fully explain the high degree of virulence seen in the outbreak, it did identify acquisition of gene clusters that could contribute to the nature of the outbreak, including genes for production of toxin and genes for surface structures that could affect efficiency of adherence to human tissue or food material. The source of infection for the outbreak in Germany was identified as bean sprouts, using epidemiological and microbiological data, so no further genomic analysis was required. However, subsequent cases of infection due to Shiga-toxin-producing E. coli in France and Turkey raised concern that the outbreak could be ongoing and more widespread. Here, the resolving power of genome data was able to demonstrate that these new cases were caused by unrelated strains, so not part of the same outbreak, but also highlighted the potential for future outbreaks from strains with similar virulence characteristics [51] . WGS is now being developed for routine use in the source attribution of food-borne pathogens, due to its superior resolution over conventional typing techniques [52, 53] .
The overall increased susceptibility of hospital populations heightens the risk of acquisition of bacterial infections that tend to be dominated by specific clones of a few species (e.g. MRSA Clostridium difficile, vancomycin-resistant Enterococcus and carbapenem-resistant Enterobacteriaceae) that appear well adapted to the hospital environment. Members of these adapted clones tend to be indistinguishable using conventional typing techniques, making it difficult to detect outbreaks and transmissions. For MRSA, the nosocomial infection rates in many European countries and the negative impact of infection on outcome have led to a 'zero tolerance' for colonization, with many hospitals routinely testing for colonization for all admitted patients. One of the first bacterial population genomic studies showed that WGS data could provide sufficient resolution to differentiate MRSA isolates of the same clone, from the same hospital ward, separated by a short period of time [22] . Further studies showed that, when combined with epidemiological data, this resolution could be used to reconstruct a hospital outbreak of MRSA transmission, discovering onward transmission into the community and identifying a hospital worker involved in maintaining the outbreak [54] . Other analyses have shown that WGS can be used to track transmission within hospitals of important nosocomial pathogens, such as Klebsiella pneumoniae [55] or Acinetobacter baumanii [56] . Despite these successes, deeper analysis has raised concerns that interpretation of transmission data could be challenged by the existence of genomic diversity within a colonized individual, combined with the limitation of single colony purification in microbiological practice, and the uncertainty of the size of transmission bottleneck size [57] . Such within-host diversity has been demonstrated in carriage of S. aureus [58] , and in MRSA on hospital wards in a high-transmission setting [59] . Understanding the dynamics rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150488 and transmission of this diversity will be important in future use of WGS for hospital outbreak analysis.
Analysis may be further complicated for spore-forming pathogens such as Clostridium difficile, where the time periods and rates of mutation in this dormant state are poorly defined. WGS analysis was used to characterize isolates from all hospital and community-associated cases of C. difficile over 3.6 years in Oxfordshire, UK, to inform study of transmission dynamics. Evolutionary modelling was applied to define relatedness of individual isolates and to assign single-nucleotide polymorphism (SNP) thresholds for designating samples within or outside of a transmission [60] . This approach determined that only around one-third of all cases were due to transmission from a symptomatic individual. The remainder were concluded to be due to an unsampled reservoir of genetically diverse sources that could include asymptomatic carriers and the local physical environment. Importantly, the analysis was able to detect likely transmission events where there was no supporting epidemiological data available providing direction for focused investigations to discover novel routes of infection.
Mycobacterium tuberculosis also presents challenges for data interpretation as its life cycle includes periods of latency when it is assumed that generation of sequence diversity through mutation is slowed. However, efforts in genomic epidemiology of tuberculosis outbreaks have led to progress. A retrospective study of samples from cases of TB collected across the UK Midlands region between 1994 and 2011 analysed WGS data from 390 isolates sampled from 254 TB patients [61] . Again, SNP thresholds were used to define transmission links, with more than 12 SNPs indicating that isolates were not transmission-linked. For the 114 transmission pairs identified using genetic and epidemiological data, 96% were separated by fewer than five SNPs. These approaches can also be used to differentiate between re-infection and recrudescence in individuals within an endemic environment [62, 63] . After successful treatment, individuals can present with a new infection, which can be due to either re-infection through transmission or re-activation of a latent infection that effectively represents a treatment failure. Differentiating these states is often only possible with the resolution available through WGS, and this provides vital information for the management of infection control interventions. The resolution of genome-based epidemiology has also been successful in advancing the understanding of the causes of local TB outbreaks. A study focused on a TB outbreak in Vancouver, Canada, combined genomic data with contact tracing information to try to explain the sudden upsurge in cases [64] . The genomic analysis determined that there had been two separate lineages of the same MIRU-VNTR type circulating, with both lineages contributing to a transmission network including multiple 'superspreaders' who initiated many of the infections. The outbreak was associated with drug misuse, and the analysis showed that the trigger for the outbreak was likely to be due to an increase in the availability of crack cocaine rather than any genetic change in the pathogen.
Legionella pneumophila, the causative agent of Legionnaire's disease, is an environmental bacterium associated with sporadic outbreaks of severe pneumonia [65] . Legionnaire's disease outbreak investigation is normally limited to epidemiological analysis of patient movements prior to illness, and the source of infection is often attributed to air conditioning units of large buildings or domestic and industrial water sources, such as hot tubs and food processing plants [66] . Rates of positive bacterial culture for L. pneumophila are low (15-20%) and pathogen genetic analysis has usually been limited to PCR typing, so detailed transmission analysis is normally unfeasible. An outbreak of Legionnaire's disease in Edinburgh, Scotland, in 2012 yielded positive cultures from 15 of 91 infected individuals, including multiple isolates from some. Phylogenomic analysis showed levels of diversity that could not have been generated during the course of the outbreak, suggesting that most infections were due to multiple related lineages that had developed in an unknown environmental niche [67] . Notably, one individual was shown to be infected with two unrelated lineages of L. pneumophila, indicating that the source of infection harboured a diverse population.
Clearly, epidemiological data are crucial for explaining outbreaks and WGS data alone cannot be relied upon to determine likely transmissions. Furthermore, analysis of WGS data from outbreak samples should not be performed without comparison with non-outbreak reference data. Both of these points were emphasized by the investigation of an outbreak of tularaemia that occurred in Sweden in the summer of 2010 involving 67 cases, the largest outbreak seen globally since 1967 [68] . The causal agent, Francisella tularensis, is an environmental host-dependent pathogen resident in a variety of animals and transmitted by insect vectors, though it can also survive outside of the host and disperse through aerosols. WGS analysis of 10 of the Swedish outbreak isolates showed maximum pairwise distances between isolates of up to 15 SNPs, which, taken alone, would be consistent with a single-source outbreak. However, the geographical separation and timing of the cases made this doubtful; when compared with a global collection of reference genomes, outbreak isolates were often found to be more closely related to the reference strains than other outbreak isolates. Overall, the analysis indicated that F. tularensis has a slow mutation rate that may be explained by the life cycle with an intracellular and environmental-dormant phase. As with the Vancouver TB outbreak, the trigger for the outbreak was non-genetic and is better explained by seasonal ecological change.
Perspectives
Genomics has allowed a significant advance in our understanding of the evolution and spread of bacterial pathogens. Early, single-genome approaches provided information on the unanticipated diversity of bacterial genomes, as well as identifying pathogenicity determinants and outlining the evolutionary trajectories taken by many key bacterial pathogens. Large-scale whole-genome sequencing has elucidated in precise detail the transmission pathways of pathogens at a global and local level. The future will undoubtedly involve routine WGS in clinical microbiology, both for tracking transmission and spread of pathogens, as well as prediction of drug-resistance profiles, based on these advances [69, 70] . On the research side, the increasing availability of genomes from large, well-phenotyped collections will allow the identification of genetic determinants of many pathogenicity-associated phenotypes using the genome-wide association approaches that have been so successful in human genetics. Early studies using phenotypes such as host range and drug resistance rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150488 have already begun to bear fruit [71] [72] [73] . New genomic technologies will be likely to reduce the time and sample preparation needed for sequencing, allowing real-time and near-patient sequencing for rapid outbreak detection and analysis of evolution as it occurs in the wild [74] . Continuing decreases in cost will allow whole-genome approaches to the study of experimental evolution, radically expanding our understanding of evolutionary mechanisms [75] . At the same time, single-molecule sequencing technology is allowing DNA modifications to be assayed directly, with recent results uncovering arguably the first global epigenetic regulatory system in a bacterium [76] . Many more novelties almost certainly remain to be discovered. Genomic technology is still improving in speed, cost and sophistication, and is likely to remain a fundamental tool of microbiology for many years to come. 
